Abstract: Incomplete knowledge of pedigrees sometimes limits the methods of estimating quantitative genetic parameters (heritability, genetic correlation) in nature and may result in estimates that are inflated by nongenetic sources of variation. North American garter snakes and their allies provide a model system for investigating evolutionary quantitative genetics, but estimates of quantitative genetic parameters in these snakes are mostly based on offspring-dam regression and full-sib analysis, methods that fail to discriminate between maternal genetic, maternal environmental, and direct genetic effects on traits of interest. Using data from the garter snake Thamnophis sirtalis, we demonstrate that microsatellite DNA markers can be used to identify full-sib sireships within litters in species that produce large numbers of offspring and in which multiple paternity is common. This allows estimation of quantitative genetic parameters using a maternal half-sib analysis in which sires are nested within dams. Six microsatellite DNA loci were scored for four wild-caught dams and their 73 offspring and revealed two full-sib sireships within each litter. Maternal half-sib analyses of scalation and behavior suggest that heritability may be lower and maternal effects larger than was previously thought.
Introduction
Quantitative genetic techniques have made an important contribution to modern evolutionary biology by providing a framework for understanding the evolution of characters that vary on a continuous scale (Boake 1994; Roff 1997; Lynch and Walsh 1998) . Such variation can have multiple causes, including direct genetic and environmental effects and maternal genetic and environmental effects. Knowledge of the relative contributions of these causes is a key element in applying evolutionary quantitative genetics to natural populations. However, accurately estimating quantitative genetic parameters (heritability, genetic correlations) in nature is frequently difficult. Incomplete knowledge of pedigrees in natural populations limits the methods of estimating parameters and may result in estimates that are inflated by maternal genetic or maternal environmental effects. Recent recognition of the importance of maternal effects in character evolution emphasizes the need to distinguish among these causes of phenotypic variation if we are to understand the evolution of these characters in nature (e.g., Mousseau and Fox 1998; Wolf et al. 1998) .
North American garter snakes and their allies provide a model system for investigating evolutionary quantitative genetics in nature. Wild-caught females (dams) produce large litters of live-born precocial young. This has allowed investigators to score a variety of morphological, behavioral, and physiological characteristics that are unaffected by postnatal parental influences and to estimate quantitative genetic parameters (reviews in Brodie and Garland 1993; Burghardt and Schwartz 1999) . One characteristic that links these investigations is that the estimates of heritability and genetic correlation on which they rely are mostly based on offspringdam regression and full-sib analysis. Both of these techniques have the drawback that maternal genetic and maternal environmental effects may inflate parameter estimates (Arnold 1994; Falconer and MacKay 1996; Lynch and Walsh 1998) . Full-sib analysis has the added drawback that unrecognized multiple paternity may result in underestimation of quantitative genetic parameters (Schwartz et al. 1989; Brodie and Garland 1993; Burghardt and Schwartz 1999) . Estimates of heritability for morphological, behavioral, and physiological characteristics of natricine snakes are frequently high, often exceeding 0.50 (e.g., Burghardt and Schwartz 1999) . However, the degree to which maternal effects and multiple paternity influence these estimates is largely unknown.
Previous investigators were fully aware that maternal effects might influence quantitative genetic parameter estimates and have addressed this problem in several ways. One approach has been to use regression to remove the effect of dam characteristics on offspring and then generate parameter estimates from analysis of the resulting residuals (e.g., Garland 1988) . Another approach has been to test for maternal effects directly using manipulative experiments (e.g., Burghardt 1971; Arnold et al. 1995) . In general, maternal effects revealed in these ways have been small. However, these approaches are limited by a lack of knowledge of which maternal characteristics might be important (Cheverud and Moore 1994) . In addition, these approaches focus on maternal effects on litter means. Alternatively, maternal effects may reduce variability within litters without having a systematic effect on litter means (Cheverud and Moore 1994) . Littermates experience a common uterine environment during gestation and this may engender greater similarity in phenotype than expected based on genotype alone, thus affecting both significance tests and estimates of quantitative genetic parameters.
One solution to the problem of discriminating among direct genetic, direct environmental, maternal genetic, and maternal environmental effects in nature is to obtain more complete pedigree information. Hypervariable nuclear molecular genetic markers offer a means of obtaining such information by making it possible to identify sires in nature (e.g., Prodohl et al. 1998) , thus allowing the use of offspring-sire regression to generate parameter estimates that are free of maternal effects (Falconer and MacKay 1996) . These markers also make it possible to detect multiple paternity (e.g., McCracken et al. 1999) , thus alerting investigators to the possibility that full-sib analysis may underestimate heritability (Burghardt and Schwartz 1999 ). Here we demonstrate an additional use of hypervariable genetic markers in evolutionary quantitative genetic analysis. In organisms like natricine snakes that produce relatively large numbers of offspring and in which multiple paternity is common, these markers may be used to identify full-sib sireships within dams. This allows quantitative genetic parameters to be estimated from a maternal half-sib analysis in which sires are nested within dams, the advantage being that parameter estimates can be obtained that are unaffected by either maternal genetic or maternal environmental effects (Appendix I). In studies of captive animals, the most common half-sib breeding design is one in which dams are nested within sires (a paternal half-sib design). This design is preferred because it provides parameter estimates that are unaffected by either dominance or maternal effects. However, only rarely can paternal half-sib analysis be applied to natural populations. Maternal half-sib analysis is sometimes used in breeding experiments involving externally fertilizing animals (e.g., Howard et al. 1994) , and a modified maternal half-sib analysis has been used in quantitative genetic analysis of plants, when individual seeds can be assumed to be uniquely sired (e.g., Berenbaum et al. 1986 ). However, empirical examples applying this design to natural populations are lacking. Here we use microsatellite DNA markers to identify full-sib sireships within four litters of garter snakes (Thamnophis sirtalis) born to wild-caught females. We then use data on scalation and behavior of the offspring to illustrate how conclusions drawn from full-sib and maternal half-sib analyses may differ.
Methods

Study subjects
Four litters of garter snakes born to wild-caught dams in 1995 (n = 3) and 1996 (n = 1) were used in this investigation. These litters were selected because they were relatively large (14-21 offspring per litter). Dams were collected in Ottawa County, Ohio, maintained in captivity until parturition, and later released at the site of capture. One dam was captured in both 1995 and 1996 and thus contributed two litters to the analysis presented here.
Microsatellite DNA analysis
Blood samples (0.1-0.3 mL) were collected from caudal vessels, using a heparinized syringe, when offspring were 102-108 d old and prior to the release of dams. Blood samples were centrifuged and red blood cells were frozen (-20°C) . To obtain purified DNA, red blood cells were digested with proteinase K followed by phenolchloroform extraction using standard protocols (Sambrook et al. 1989) . Six microsatellite DNA loci were amplified via polymerase chain reaction (PCR) using the Nsµ2, Nsµ3, Nsµ9, and Nsµ10 primers of Prosser et al. (1999) and the ts1 and ts2 primers of McCracken et al. (1999) . To visualize microsatellite alleles, we used a procedure similar to that of Strassman et al. (1996) , except that α 32 P-labeled dATP was added to the PCR mixture and length polymorphisms were separated on a 6% denaturing polyacrylamide gel. For each locus, dams and their offspring were run side by side on the same gel and autoradiographs were scored independently by R.B.K. and W.B.M.
Sireship identification
Offspring were assigned to sireships by first identifying possible paternal genotypes for a single highly polymorphic locus. All offspring compatible with each possible paternal genotype were then identified, providing groupings of offspring consistent with single paternity at that locus. Paternally inherited alleles at other loci were then examined to exclude groupings inconsistent with single paternity across loci (i.e., groupings for which three or more paternally inherited alleles were represented at one or more loci).
Identification of sireships was corroborated using the program RELATIVE (Goring and Ott 1997) to compute posterior probabilities of full-and half-sib relationship between all possible pairs of littermates. Computation of posterior probabilities requires estimates of population allele frequencies and of prior probabilities of full-and half-sib relationship. In the absence of population allele frequency data, alleles represented in a given litter were assumed to be equally frequent in the source population. In addition, given evidence that all four litters were sired by two males each (except for a single offspring sired by a third male in one litter; see Results), prior probabilities of full-and half-sib relationship were set at 0.5. Posterior probabilities are robust to modest changes in population allele frequencies and prior probabilities (Goring and Ott 1997) , and modification of these parameters produced results qualitatively similar to those presented here.
Discrimination between maternal and genetic effects
The garter snakes included here were part of a larger study of the proximate causes of phenotypic variation in morphology, growth, scalation, and behavior. To illustrate the utility of our approach, we focus on two measures of scalation, the number of ventral scales (VENT) and the number of subcaudal scales (SUBC), and two aspects of behavior, latency to move (LAT) and number of strikes at a stationary stimulus (STA). These characters were selected because they have been the focus of previous quantitative genetic analyses of natricine snakes (Brodie and Garland 1993; Burghardt and Schwartz 1999) . Numbers of ventral and subcaudal scales were scored as in King (1997) . Latency to move and number of strikes at a stationary stimulus were measured beginning when snakes were 39-49 days of age. Each behavior was scored on 2 consecutive days and averaged across days for analysis. Behavioral tests were conducted in an environmental room maintained at 22°C. Latency to move was measured by placing a snake in the center of a carpeted arena under a 8 cm diameter opaque cover for 2 min, raising the cover from behind one-way glass, and recording the time elapsed until the snake moved its head outside a 11 cm diameter circle marked on the carpet. After 30 s, number of strikes at a stationary stimulus was recorded. A stationary stimulus (the investigator's finger) was held about 2 cm in front of the snake's head and the number of strikes made during a 1-min interval was recorded (following Herzog and Burghardt 1986 ; see also King and Turmo 1997) .
Analysis of variance was used to test for sex and dam effects on each character among litters (full-sib analysis) and nested analysis of variance was used to test for sex, dam, and sire-within-dam effects on each character among sireships (maternal half-sib analysis). Two sireships consisting of 5-11 offspring each were identified within each of the four litters for a total of eight sireships (see Results). A single offspring sired by a third male in one litter was omitted from these analyses, as was one offspring whose sireship could not be resolved (see Results). In all analyses, sex was treated as a fixed effect and dam and sire-within-dam were treated as random effects. To increase statistical power in tests for dam and sire-within-dam effects, sex × dam and sex × sire-withindam interactions were not tested. Because our primary interest was in comparing the results of full-sib and half-sib analysis, we used a testwise significance of 0.05 without adjustment for multiple tests. Latency to move was natural logarithm transformed prior to analysis to meet the assumption of normality.
As a further means of comparing full-sib and half-sib analyses, variance components attributable to dams and to sires-within-dams were computed (Appendix I). Calculating variance components is important for two reasons. First, the statistical significance of a given source of variation (e.g., dam) might differ between full-and half-sib analyses simply because of differences in the power of the two tests (denominator degrees of freedom for the dam effect are larger in full-sib analysis than in half-sib analysis). However, the magnitude of the variance components attributable to a given source is independent of degrees of freedom. Second, these variance components have specific quantitative genetic interpretations (Appendix I). Importantly, in a maternal half-sib analysis, the sirewithin-dam component of variance estimates ¼ of the additive genetic variance plus ¼ of the dominance genetic variance among offspring, with no contribution from either maternal genetic or maternal environmental effects. SPSS statistical software was used for all analyses.
Results
Microsatellite DNA analysis
Seventy-three offspring belonging to four litters were scored for four to six microsatellite DNA loci each. From one to five unique paternally inherited alleles (alleles not present in dams) were represented at each microsatellite locus in each of the four litters (a representative litter is shown in Table 1 ). In addition, the production of offspring heterozygous for both maternal alleles at some loci indicated that some sires also possessed at least one allele in common with a given dam (e.g., locus Nsµ2 in sireship 2 of the litter shown in Table 1 ). The occurrence of offspring apparently homozygous for one or both maternal alleles suggested further that some sires may have possessed a null allele at one or more loci (e.g., locus Nsµ2 in sireship 1 of the litter shown in Table 1 ).
Sireship identification
Offspring genotypes were consistent with a minimum of two sires each for three litters (no more than four paternally inherited alleles were present at any locus) and a minimum of three sires for the remaining litter (five paternally inherited alleles were represented at one locus). In each of the three litters having two or more sires, two full-sib groups could be identified provided one sire of each litter carried a null allele at one locus. However, paternity of two offspring in one litter remained unresolved. Excluding null alleles or grouping offspring in other ways required that each litter be sired by three or more males. In the one litter having three or more sires, one offspring had unique paternally inherited alleles at four of the six loci scored; the remaining offspring could be assigned unambiguously to one of two full-sib groups.
The full-sib groups identified above were corroborated by calculating posterior probabilities of full-sib relationship using the program RELATIVE. Most members of putative full-sib groups had posterior probabilities of full-sib relationship greater than 90% with at least one other group member, and all had probabilities greater than 75% with at least one other group member (a representative litter is shown in Fig. 1 ). Posterior probabilities of full-sib relationship between putative half sibs were typically low. The single offspring thought to have no full-sib littermates had posterior probabilities of full-sib relationship that were all less than 0.11.
Inferred sireships for the two litters born to the same female in different years indicated that no offspring in one litter was a full sib to any offspring in the other litter. Three sires were represented in this female's first litter and two other sires were represented in her second litter.
Discrimination between maternal and genetic effects
Full-and half-sib analyses of scalation and behavior were similar with respect to significance tests of sex effects: males and females differed significantly in scalation but not in behavior (Table 2 , Appendix II). In contrast, full-and half-sib analyses differed in the statistical significance of dam effects (Table 2, Appendix II). Significant dam effects were found for all four characters in the full-sib analysis but only for defensive strikes in the half-sib analysis. Furthermore, half-sib analysis revealed significant sire-within-dam effects on number of subcaudal scales and both behaviors (Table 2 , Appendix II).
The proportion of variance attributable to dams averaged 0.40 (range 0.25-0.62) in the full-sib analysis and 0.30 (0.14-0.60) in the half-sib analysis (Table 3 ). The proportion of variance attributable to sires-within-dams averaged just 0.15 (0.06-0.31). The sire-within-dam component exceeded the dam component in absolute magnitude for number of subcaudal scales, whereas the dam component exceeded the sire-within-dam component for the other characters analyzed. However, given our sample sizes (four litters for dam effects and eight sireships for sire-within-dam effects), standard errors of variance components are large (Table 3) .
Discussion
Utility of microsatellite DNA markers for identifying sets of full sibs within litters
The microsatellite DNA markers used in this study revealed unambiguous multiple paternity in all four litters analyzed and allowed identification of full-sib sireships within litters with a high degree of confidence. Our ability to identify sireships within litters using just six loci can be attributed to high levels of polymorphism (sires typically differed from each other and from dams by one or both alleles at multiple loci) and large litter sizes. Note: Dam and offspring genotypes at six microsatellite loci are shown (alleles are numbered from largest to smallest). Offspring are grouped into two sireships as described in the text. Genotypes of putative sires are shown below sireships. Unique paternally inherited alleles in offspring and putative sires are underlined. An asterisk indicates an apparent null allele at locus Nsµ2 in sireship 1 (see also Fig. 1 ). Goring and Ott 1997) . Two sireships are evident, as indicated by two clusters of offspring with no lines connecting the clusters. Posterior probabilities of full-sib relationship between sireships are all less than 0.06. ers and smaller numbers of offspring, additional loci would have to be scored to confidently assign offspring to sireships. Sireships identified by examining dam and offspring genotypes were well corroborated by calculating posterior probabilities of full-sib relationship using the program RELA-TIVE. However, data on population allele frequencies would allow more accurate estimation of posterior probabilities. In the present analysis, paternally inherited alleles were assumed to be equally frequent in the source population. This assumption leads to underestimation of the posterior probability of full-sib relationship for true full sibs because rare paternal alleles that would serve to identify two offspring as probable full sibs are assumed to be more common and thus potentially inherited from two different sires. Rerunning REL-ATIVE for one litter using preliminary estimates of population allele frequencies for four microsatellite DNA loci (T.D. Bittner and R.B. King, unpublished data) increased the mean posterior probability of full-sib relationship from 0.62 to 0.72 among putative full sibs and from 0.11 to 0.13 among putative half sibs. Assignment of offspring to sireships remained unchanged.
Discrimination between maternal and genetic effects
Garter snakes and their allies exhibit variation among litters in virtually all aspects of morphology, scalation, behavior, growth, and physiology that have been investigated (reviews in Brodie and Garland 1993; Burghardt and Schwartz 1999 ; see also King 1997; Burghardt et al. 2000) . This variation is often thought to reflect underlying genetic variation, and estimates of the heritability of and genetic correlations among many of these traits have been reported. As noted earlier, such estimates have typically been based on offspring-dam regression or full-sib analysis and are sometimes remarkably high. Although the small sample size (four litters with two sires each) and the fact that two litters were produced by a single female limit our conclusions, our results are instructive in demonstrating the degree to which differences in methods of analysis (full-sib versus half-sib) might influence estimates of genetic parameters. Half-sib analysis in which sires are nested within dams can also provide insight into the relative magnitude of maternal and genetic effects. Variation attributable to dams consists of maternal genetic, maternal environmental, and additive genetic effects, whereas variation attributable to sires-withindams consists entirely of genetic effects, albeit a combination of additive and dominance genetic effects. Thus, the observation that σ dams 2 exceeded σ sires (dams) 2 , as for three of the four traits analyzed here, suggests that maternal effects might be important.
More formally, estimates of variation attributable to dams and sires-within-dams could be used to calculate the upper limit of heritability and the lower limit of maternal effects. For example, estimates of the upper limit of heritability based on our full-sib analysis (h 2 = 2σ dams 2 ) averaged 0.80 across the four traits we analyzed (range 0.50-1.24). These were consistently larger than estimates based on half-sib analysis (h 2 = 4σ dams 2 or 4σ sires (dams) 2 , whichever is smaller), which averaged 0.43 (range 0.24-0.56). Estimated lower limits of maternal effects (0 or σ dams 2 -σ sires (dams) 2 , whichever is larger) averaged 0.19 (range 0.00-0.54). Strikes at a stationary stimulus appeared to be especially influenced by maternal effects. The upper limit of heritability for this trait exceeded 1, based on full-sib analysis, but was just 0.24, based on half-sib analysis; the lower limit of the maternal effect on this trait equaled 0.54. Although differences between our full-and half-sib analyses appear suggestive, standard errors are large and we stress that larger sample sizes are needed to verify these results. Estimates of genetic correlation may also differ between full-and half-sib analyses. Such differences may have implications for analyses aimed at Becker (1992) . For an explanation of abbreviations see Table 2 . Table 3 . Variance components attributable to dams (full-sib analysis) or to dams and sires-within-dams (half-sib analysis) for scalation and behavior of four litters of garter snakes, each with two sires (for sample sizes see Appendix I).
determining the degree of constancy of the genetic variance/ covariance matrix, G (e.g., Arnold and Phillips 1999) and the relationship between the phenotypic variance/ covariance matrix, P, and G (e.g., Fig. 8 .6 in Brodie and Garland 1993) .
Multiple paternity in natricine snakes
Courtship in temperate-zone natricine snakes typically occurs following spring emergence from hibernation. Unmated adult females produce a pheromone that attracts males and are often courted by multiple males. Males physically displace each other during courtship but do not otherwise interact aggressively. During mating, males produce a copulatory plug that may serve to prevent subsequent matings (Devine 1975 (Devine , 1977 . Furthermore, female garter snakes apparently become unattractive to males and are no longer courted following mating Crews 1977, 1978; Whittier et al. 1985) .
However, ample evidence that these mechanisms are ineffective in preventing multiple paternity in natricine snakes is accumulating. Multiple paternity has now been demonstrated in wild populations of natricines, using color pattern (Gibson and Falls 1975; but see Zweifel 1998) , allozymes (Schwartz et al. 1989; Barry et al. 1992) , and microsatellite DNA markers (Garner 1998; McCracken et al. 1999; Prosser 1999) . The frequency of multiple paternity is sometimes high; it occurs in at least 16 of 32, 6 of 8, and 4 of 4 litters of the garter snake T. sirtalis (Schwartz et al. (1989) , McCracken et al. (1999) , and this study, respectively) and in 19 of 48 litters of the water snake Nerodia sipedon (Prosser 1999) . Furthermore, multiple paternity is not solely the result of sperm stored from previous years. One female included in this study produced litters sired by three males in one year and two different males the following year. Possibly, garter snakes mate in both fall and spring (evidence of fall mating can be found in Blanchard and Blanchard 1941; Blanchard 1943; Fitch 1965; Aleksiuk and Gregory 1974; Whittier and Crews 1986; Mendonca and Crews 1989) . Alternatively, copulatory plugs may not be produced during all matings or may be effective for a relatively short period of time (Devine 1984; Olsson and Madsen 1998) .
Evidence that multiple insemination occurs with regularity in at least some natricine snakes suggests that our understanding of their mating behavior remains incomplete. In addition to their utility in discriminating between maternal and genetic effects, hypervariable nuclear DNA markers make possible more detailed analyses of paternity, thus potentially clarifying the roles of sexual and fecundity selection in the mating systems of natricine snakes (Duvall et al. 1993; Prosser 1999 
Components of covariance and variance contributing to t MHS and t FS (Table 23 .1 in Lynch and Walsh 1998) have the following coefficients:
where A, D, and E specify additive genetic, dominance genetic, and environmental effects; subscripts denote whether these are offspring (o) or maternal (m) effects; and b and c are constants (notation as in Lynch and Walsh 1998) . Neither of these intraclass correlations has a simple genetic interpretation. However, the difference t FS -t MHS = ¼A o + ¼D o does have a simple interpretation (¼ of the additive genetic variance plus ¼ of the dominance genetic variance among offspring), with no contribution from either maternal genetic or maternal environmental effects. Furthermore, this difference is estimated directly by Var(s)/Var(z), as noted by Kearsey and Pooni (1996, p. 273) . In the absence of dominance, Var(s)/Var(z) from a maternal half-sib design equals Var(s)/Var(z) from a paternal half-sib design. More importantly, in the presence of maternal genetic or maternal environmental effects, parameter estimates obtained using maternal half-sib analysis will always be superior to those obtained from a full-sib analysis (which include dominance, maternal genetic, and maternal environmental effects), and may be superior to those obtained from offspring dam regression (which include maternal genetic and maternal environmental effects) and offspring-sire regression (which include direct genetic × maternal genetic interaction effects) ( Note: Values are given as the mean with the standard deviation in parentheses. For an explanation of abbreviations see Table 2 . Table A1 . Scalation and behavior within sexes, sireships, and litters of garter snakes.
